We describe a method to obtain giant liposomes (diameter 10 -100 Am) in solutions of high ionic strength to perform a membrane-binding assay under physiological conditions. Using electroformation on ITO electrodes, we formed surface-attached giant liposomes in solutions of glycerol in a flow chamber and then introduced solutions of high ionic strength (up to 2 M KCl) into this chamber. The ionic solution exchanged with the isoosmolar glycerol solution inside and outside the liposomes. An initial mismatch in index of refraction between the inside and outside of liposomes allowed for the observation of solution replacement. Ions and small polar molecules exchanged into and out of surface-attached liposomes within minutes. In contrast, liposomes formed in solutions of macromolecules retained molecules larger than 4 kDa, allowing for encapsulation of these molecules for hours or days even if the solution outside the liposomes was exchanged. We propose that solutes entered liposomes through lipid tubules that attach liposomes to the film of lipids on the surface of the ITO electrode. The method presented here makes it straightforward to perform flow-through binding assays on giant liposomes under conditions of physiological ionic strength. We performed a membrane-binding assay for annexin V, a calcium-dependent protein that binds to phosphatidylserine (PS). The binding of annexin V depended on the concentration of PS and decreased as ionic strength increased to physiological levels. D
Introduction
Giant liposomes with dimensions of living cells are useful models to: (1) study membrane curvature and elasticity under varying conditions [1 -4] ; (2) examine interactions between lipid membranes and surfaces [5] ; (3) record the activity from reconstituted ion channels [6 -9] ; (4) form planar lipid bilayers over microfabricated pores [10 -12] ; (5) create nano-fluidic networks [13, 14] ; and (6) make microscale bioreactors [15, 16] . While there are several techniques for preparing giant liposomes [17] , electroformation is particularly useful for the formation of unilamellar giant liposomes with diameters between 10 and 100 Am [17 -19] . In this method, AC electric fields induce the formation of surface-attached [20, 21] , giant unilamellar liposomes from a film of lipids on one or both electrodes that are separated by an aqueous solution [22] .
Electroformation has been reported to succeed only in ionic strengths below 50 mM [17 -20,23 -27] , except for one report in which the incorporation of negatively-charged lipids allowed the formation of a few giant liposomes in 100 mM KCl, 10 mM CaCl 2 [28] . The initial step in electroformation involves the separation of bilayers in the multilayered film of lipids on the electrode surface [17, 29] . Ions impede electroformation by entering the space between bilayers in the film of lipids and hindering bilayer separation [27] . Biophysical assays on giant, unilamellar liposomes are therefore limited to ionic conditions that are not always representative for cellular membranes. To study accurately physiological processes that depend on ionic strength, such as membrane-binding, vesicle fusion, and ion channel activity, giant liposomes in solutions of physiological ionic strength (!140 mM) would be very useful.
Methods other than electroformation to obtain giant liposomes in solutions of high ionic strength have used chemically modified or negatively charged phospholipids to promote separation of the membranes of liposomes. Yamashita et al. [30] produced giant liposomes in ionic solutions up to 2 M KCl by incorporating 0.2%-5% phosphatidylethanolamine (PE) with covalently linked polyethylene-glycol (PEG) groups into liposome membranes. The addition of PEGylated lipids favored bilayer separation and liposome formation, even at high ionic strengths, because of steric repulsion induced by the large PEG moiety [30] . Akashi et al. showed that the dehydration -rehydration technique succeeded in forming unilamellar and multilamellar liposomes in solutions up to 100 mM KCl by incorporating !10% negatively charged lipids in the liposomes [31] . The negatively charged head groups of lipids increased electrostatic repulsion between bilayers in the film of lipids to facilitate the separation of bilayers [31] . Ideally, giant, unilamellar liposomes could be formed in solutions of high ionic strength from a variety of lipids (charged and uncharged) without the addition of chemicallymodified lipids.
Here, we obtained giant liposomes in solutions of high ionic strength by employing electroformation in a flow chamber. We bypassed the problem of reduced bilayer separation by adding solutions of high ionic strength after giant liposomes had already formed in a solution of low ionic strength. We succeeded in obtaining giant liposomes in a physiological buffer from a variety of charged or uncharged lipids without the addition of PEGylated or otherwise modified lipids. We employed these liposomes to perform a membrane-binding assay for fluorescently-labeled annexin V under physiological conditions. Annexin V binds strongly to phosphatidylserine (PS) in the presence of calcium [32] and may play a role in disrupting the coagulation cascade after cell injury by binding and reducing access to exposed anionic surfaces [33] . The strength of this binding interaction, however, decreases with increasing ionic strength [34] . Here, we use the interaction between annexin V and PS as a model system to demonstrate the importance of ionic strength for assays of binding interactions on giant liposomes.
Experimental

Formation of films of lipids on indium tinoxide (ITO) electrodes
We prepared films of lipids by spin-coating lipid solutions using a technique developed recently in our lab [22] . Solutions of lipids consisted of l-a-Phosphatidylcholine (egg, chicken) (eggPC), 1,2-Dioleoyl-sn-Glycero-3-[Phospho-l-Serine] (DOPS), 1-Palmitoyl-2-Oleoyl-snGlycero-3-Phosphoethanolamine (POPE) (all from Avanti Polar Lipids, Alabaster, AL), or asolectin lipids (Fluka, Switzerland) dissolved in 95% chloroform (Acros, NJ)/5% acetonitrile (HLPC grade, Fisher Scientific). All lipid solutions had a concentration of 3.75 mg mL À1 . Films were formed by spin-coating these solutions (at 600 rpm) onto 50 mm Â 50 mm Â 1.1 mm aluminosilicate glass slides coated with ITO (R s = 5-15 V, Delta Technologies, Stillwater, MN).
Electroformation setup with a flow chamber
We formed giant liposomes from films of lipids by electroformation. A poly(dimethylsiloxane) (PDMS, Sylgard 184 Silicone, Dow Corning, Midland, MI) spacer with an interior chamber separated the opposing ITO electrodes (Fig. 1) . Films of lipids covered both surfaces of ITO. To provide flow-through capability, we formed sealed inlet and outlet tubes in the interior chamber of the PDMS by the fabrication procedure shown in Fig. 1 .
The PDMS spacer was held between the two plates of ITO using binder clips (Officemate International Corp., Edison, NJ). A needle (20G12, Becton Dickinson Company, Franklin Lakes, NJ) was inserted into one end of the tubing, and a non-ionic solution (here defined as an aqueous solution that does not contain any salt molecules) was introduced into the chamber at a rate of¨0.5 mL min À1 using a syringe while an electric field (sine-wave, 1.6 V peak-to-peak at 10 Hz) was applied between the two surfaces of ITO using a function generator (Circuitmate FG2, Beckman Coulter, Fullerton CA). After the chamber (volume = 330 AL) was filled, the syringe was kept attached to the inlet tube to prevent backflow. The electric field was applied for at least 1.5 h to form surface-attached giant liposomes.
The same flow chamber was used throughout all experiments. We cleaned the chamber by flushing the silicone tubes with ethanol (95%, VWR International) (1Â with 3 mL), followed by de-ionized water (18.2 MV cm) (2Â with 3 mL), and we dried the chamber under vacuum (¨À740 Torr) for 30 min.
Flow-through procedure
We used a programmable syringe pump (kd Scientific, Holliston, MA) to replace solutions in the electroformation chamber at a controlled rate. Whenever solutions were exchanged, at least four times the volume of the chamber was flowed through the chamber to ensure complete replacement. Introducing a new solution involved exchanging syringes at the inlet tube; during this procedure, we closed the inlet tubing with a binder-clip to prevent backflow.
We performed electroformation in aqueous solutions of glycerol and then replaced these solutions with ionic solutions. The osmolarity of the initial glycerol solution matched the osmolarity of the electrolyte solution that was subsequently introduced. After giant liposomes were formed, the salt solution was introduced into the chamber. We employed the following solutions to replace the initial glycerol solution both inside and outside the liposomes made from pure eggPC: up to 2 M KCl (Sigma, St. Louis MO) replacing 3.68 M glycerol; up to 300 mM NaCl (Sigma, St. Louis MO) replacing 558 mM glycerol; phosphate buffered saline (PBS) (Sigma, St. Louis MO) replacing 300 mM glycerol; and up to 200 mM CaCl 2 (EMD Chemicals, Gibbstown NJ) replacing 600 mM glycerol.
Examining exchange of solutions using an ion-sensitive fluorescent dye
We monitored the exchange of solutions inside and outside of liposomes by using sodium green tetra(tetramethylammonium) salt, (cell impermeant, Molecular Probes, Eugene, OR), a fluorescent indicator for sodium, to quantify the concentration of Na + inside and outside the liposomes. Liposomes consisting of 99% eggPC, 1% 1,2-Dipalmitoylsn-Glycero-3-Phosphoethanolamine-N-(Lissamine Rhodamine B Sulfonyl) (ammonium salt) (liss-rhodamine DPPE, Avanti Polar, Alabaster, AL) were formed in 251 mM glycerol, 0.2 mM TRIS (Hydroxymethyl) Aminomethane (TRIS, Shelton Scientific, Inc., Shelton CT) buffer pH 7.4, and 2.5 AM sodium green. This solution was then replaced by an ionic solution of 135 mM NaCl, 0.2 mM TRIS, 2.5 AM sodium green at a flow rate of 5.0 mL h À1 . Fluorescence intensities were measured inside and outside the liposomes after 1 h of flow by confocal microscopy.
To explore the mechanism of solution-exchange in surface-attached liposomes, we monitored the diffusion of 5(6)-carboxyfluorescein (Fluka, Switzerland) into giant liposomes of 99.5% eggPC, 0.5% liss-rhodamine DPPE. After growing liposomes in 0.1 mM TRIS buffer (pH 7.4), we introduced 0.2 AM carboxyfluorescein, 0.1 mM TRIS (pH 7.4) into the electroformation chamber at a flow rate of 5.0 mL h À1 for 2 h and monitored the fluorescence intensities inside and outside the liposomes over a period of 24 h, without flow.
Encapsulation inside surface-attached giant liposomes
We encapsulated fluorescein-conjugated avidin (MW = 68 kDa, ImmunoPure, Pierce Biotechnology, Inc., Rockford, IL), fluorescein (FITC)-conjugated dextran-4000 (MW = 4 kDa), fluorescein-conjugated dextran-70,000 (MW = 70 kDa), and fluorescein-conjugated dextran-150,000 (MW = 150 kDa) (the three dextrans were from Fluka, Biochemika, Switzerland) inside giant liposomes of eggPC. We first formed giant liposomes in solutions containing 0.5 AM avidin or dextran in 0.1 mM TRIS buffer (pH 7.4). We then flowed 0.1 mM TRIS buffer through the chamber at a flow rate of 5.0 mL h À1 for 1 h to remove the solution of dextran or avidin around the liposomes.
Binding of annexin V to giant liposomes
To perform an assay for annexin V binding, we formed liposomes in a solution of 300 mM glycerol and 1 mM TRIS buffer (pH 7.4) from solutions of lipids with the following mass-ratios of eggPC and DOPS-80:20, 90:10, and 100:0. Using a flow-rate of 3.8 mL h À1 , we replaced the initial solution in the chamber with a solution containing 1 mM TRIS, 1 mM CaCl 2 , and 1 nM annexin V labeled covalently with fluorescein (annexin V-FITC, Sigma, St. Louis MO). To compare annexin binding in the absence or presence of salt, the annexin V-FITC solution contained either 300 mM glycerol or 135 mM NaCl/15 mM KCl (to simulate extracellular ionic conditions), respectively.
Observation and characterization of liposomes
We observed electroformed liposomes using a Nikon Eclipse TE 2000-U inverted microscope using 10Â and 20Â objectives with extra-long working distance in phasecontrast mode. We captured images of liposomes using a CCD camera (Photometrics CoolSnap HQ, Roper Scientific, Trenton, NJ). Image analysis software (Metamorph from Universal Imaging Corporation, Downington, PA) allowed for the determination of the size of liposomes as well as digital contrast enhancement of fluorescent images. Fluorescently-labeled annexin V was observed using filter settings for fluorescein (excitation filter = 460 -500 nm, dichroic mirror = 505 nm, emission filter = 510 -560 nm). We used the same microscope and camera settings (10 s exposure time, 20Â objective, 1Â binning, maximum intensity of excitation of the fluorescence source, Exfo XCite 120, Photonic Solutions, Mississauga, Ontario) for all experiments involving annexin V. For experiments with sodium green or carboxyfluorescein, we measured the intensities of fluorescence using a confocal setup (Nikon D-Eclipse C1, 543 nm and 488 nm lasers) with the inverted microscope and confocal analysis software (EZ-C1).
Results and discussion
Giant liposomes in solutions of high ionic strength
To produce giant liposomes in solutions of high ionic strength, we initially formed surface-attached giant liposomes in solutions of glycerol (up to 3.68 M) using electroformation in a flow chamber (Fig. 1) . We then flowed a solution of high-ionic strength isoosmolar to the initial solution of glycerol into the chamber. The ionic solution exchanged with the solution of glycerol both outside and inside the surface-attached liposomes. Phase-contrast microscopy allowed the visualization of this replacement of solutions, as solutions with lower refractive indices appeared brighter than did the solutions with higher indices [35] . Initially, the introduction of a new solution resulted in a difference in index of refraction between the inside and outside of the giant liposomes, since the freshly introduced ionic solution surrounded liposomes that were still predominantly filled with a glycerol solution (Fig. 2B) . After flowing a volume of 2 mL (¨25 min), these differences in refractive indices disappeared (Fig. 2C) , and a uniform index of refraction indicated replacement of solutions inside and outside the giant liposomes.
We confirmed quantitatively the replacement of glycerol by sodium chloride by measuring intensities of sodium green, a fluorescent indicator dye for sodium. After replacing 251 mM glycerol with 135 mM NaCl (each solution contained the same concentration of sodium green), the fluorescence intensity outside and inside the liposomes increased by a factor of 2.4 (Figs. 3 and 4) . This increase indicated that the solution of NaCl did replace the solution of glycerol in the chamber. In addition, since the fluorescence intensities were the same inside and outside the liposomes (Fig. 3) , we concluded that after¨200 s, most liposomes contained the same sodium concentration as did the surrounding medium (Fig. 4) . [43] and the surrounding solution of PBS (n = 1.3339) [43] . Image (C) shows the complete replacement of glycerol solution by PBS inside the liposomes after 30 min; no difference in the refractive indices inside and outside the liposomes could be discerned. The figure insets show the same steps of solution exchange by flowing 300 mM sucrose into the chamber instead of PBS. Note the dramatic difference in refractive indices (B inset) between liposomes filled with glycerol (bright interior of liposomes) surrounded by the solution of sucrose (n = 1.3478 for 0.3 M) [43] , and the uniform indices of refraction before (A inset) and after (C inset) exchange of solutions. All scale bars = 100 Am.
At slow flow rates (below threshold values in Table 1 ), the size and position of the giant liposomes attached to the surface of ITO did not change (Fig. 2) ; we observed, however, a marked increase in the membrane -membrane interactions between adjacent liposomes in the ionic solutions. Adjacent giant liposomes assumed connected configurations consisting of straight lines and sharp angles differing from the originally spherical shapes of liposomes (Fig. 2B, C) . Presumably, electrostatic interactions of ions with the zwitterionic or negatively charged head groups of lipids in the liposomes induced the lipid membranes to adopt conformations of increased inter-membrane interaction [36] . We did not attribute the changes in shape of the liposomes to osmotic pressure since we observed shape changes of membranes even when flowing an ionic solution (PBS) hypertonic to the original solution of glycerol (210 mM) into the chamber (manuscript in preparation).
Exchanging solutions after electroformation made it possible to obtain giant liposomes in phosphate buffered saline (PBS) from a variety of lipids, both charged (e.g. asolectin, which contains¨25% negatively charged lipids; 80% eggPC/20% DOPS; or 90% eggPC/10% DOPS) and zwitterionic (pure eggPC; pure POPC; or 50% eggPC/50% POPE). Liposomes in physiological ionic solutions were stable for several days, and lipids grafted with polyethylene glycol groups were not required to stabilize giant liposomes in the salt solutions. We obtained giant liposomes in a range of electrolyte solutions including 2 M KCl, 300 mM NaCl, and 200 mM CaCl 2 . We believe that electroformation in a flow chamber may offer a general strategy to produce giant, unilamellar, liposomes from a wide range of lipids in solutions of high ionic strength.
Encapsulation of large molecules inside surface-attached liposomes
While solutions of ions and small polar molecules (e.g. sucrose or carboxyfluorescein) replaced solutions of glycerol in surface-attached liposomes, we found that molecules !4 kDa did not exchange during flow (Fig. 5) . After forming giant liposomes of eggPC in solutions of avidin (MW = 68 kDa), dextran-4000, dextran-70000, or dextran-150000 (all four conjugated with fluorescein), we encapsulated these molecules by flowing 0.1 mM TRIS buffer through the chamber. While solutions replaced outside the liposomes, fluorescently-labeled avidin and all three types of fluorescently-labeled dextran remained inside the liposomes. Using confocal microscopy, we showed that the fluorescence of FITC-conjugated avidin and dextran-4000 inside the liposomes did not decrease after 24 h of encapsulation (See Supporting Information). Electroformation in a flow-chamber, therefore, offers a means to encapsulate proteins and other large molecules inside of surface-attached liposomes. This capability may be useful for employing giant liposomes as bioreactors. 
Proposed mechanism of exchange of solutions
The replacement of solutions inside surface-attached liposomes conflicts with traditional models of transport through the membranes of giant vesicles. While lipid bilayers usually prohibit or dramatically attenuate the transfer of ions and polar molecules [36, 37] , we found that these molecules could pass into and out of surfaceattached liposomes. According to a model of electroformation proposed by Angelova, surface-attached giant liposomes consist of liposomes, which taper into open lipid tubules that attach to the film of lipids on the surface of the electrode [20] (Fig. 6) . Orwar et al. demonstrated that lipid tubules provide networks through which molecules can enter liposomes [13, 14] . We propose, therefore, that the exchange of solutions in surface-attached giant liposomes occurs through lipid tubules that connect liposomes to the film of lipids on the surface of the electrodes (Fig. 6) .
To support this hypothesis, we first demonstrated the existence of the lipid tubules between liposomes and the film of lipids. While these lipid tubules were not visible for liposomes attached closely to the film of lipids, we observed tubules by extending their length through flow. When surface-attached liposomes were subjected to high rates of linear flow (see Table 1 ), they detached and extracted tubules between themselves and the film of lipids (Fig. 7) . These tubules extruded behind the liposomes, parallel to the direction of flow, and we typically observed only one tubule attached to each liposome. Previous studies have reported that liposomes could extract tubules under shear-flow [38 -41] .
Another result that reinforces the mechanism proposed here is the observation that solution exchange occurred faster in liposomes that were located close to the surface of the electrode compared to liposomes located further away from the film of lipids. We monitored the influx of carboxyfluorescein into pre-formed giant liposomes, which grew in several different ''layers'' (Fig. 6B) ; some liposomes appeared above others and were attached either to the ITO surface with long tubules or to other liposomes [19] . After 2 h of flow of carboxyfluorescein solution (10 mL), we observed different intensities of fluorescence in different layers of liposomes using confocal scans in the z-direction. Liposomes closest to the surface of ITO exhibited complete replacement of solution in >80% of vesicles (Fig. 6A) ; in contrast, liposomes farther away (¨20 -50 Am) from the surface of ITO showed carboxyfluorescein in <50% of vesicles (Fig. 6C) . After 48 h, we found that most liposomes (>75%) throughout the chamber were filled with carboxyfluorescein (see Supporting Information).
Presumably, liposomes closely attached to the ITO surface had short connecting tubules (Fig. 6B) that allowed for the rapid diffusion of carboxyfluorescein into the liposomes (Fig. 4) . Vesicles farther away from the surface had long connecting tubules (Fig. 6B ) that hindered the movement of carboxyfluorescein into the liposomes by narrowing or becoming blocked. Ions and small polar molecules could diffuse quickly into surface-attached liposomes through lipid tubules (Fig. 4) . Large molecules such as dextran-4000 or avidin were too large to pass or moved very slowly through lipid tubules, making the encapsulation of these molecules possible. The proposed model of solution exchange through lipid tubules is in agreement with previously reported results [20] and offers an explanation . a u 1 represents the flow rate at which liposomes started to show effects due to flow (detachment or some elongation). b u 2 represents the flow rate at which >50% liposomes showed effects due to flow of solvent. for the rapid exchange of ions as well as the encapsulation of macro-molecules in surface-attached liposomes.
Stability of surface-attached giant liposomes under flow
In order to assess how quickly new solutions could be introduced into the flow chamber, we determined the maximum tolerable flow rates for surface-attached liposomes of different mixtures of lipids under flow of ionic (PBS) and non-ionic (solutions of sucrose) solutions. The replacement of solutions was successful for flow rates below the threshold values (Table 1 ). Using different rates of flow below 5 mL h À1 , we did not observe differences in the rate of exchange of solutions inside the liposomes. Similarly, the efficiency of encapsulation of dextran-70000 inside eggPC liposomes did not depend on the rate of flow (for flow rates below 5.0 mL h À1 , see Supporting Information S3). Liposomes from zwitterionic lipids (eggPC; 50% eggPC/ 50% POPE) could withstand higher maximum flow rates than do liposomes containing lipid mixtures with approximately 25% negatively charged head groups (asolectin) ( Table 1) . Liposomes under flow of ionic solutions withstood higher flow rates than did liposomes under flow of non-ionic solutions; this result suggests enhanced stability from increased membrane interactions between neighboring liposomes and increased interaction of liposomes with the film of lipids on the ITO plate to which the liposomes are attached.
As previously discussed, liposomes, especially those from asolectin lipids, detached and extracted tubules when subjected to flow rates above 11 mL h À1 . Tubes extracted in both ionic and non-ionic solutions and were oriented parallel to the direction of flow (Fig. 7) . The rate of extraction increased with increasing flow rate. Flowing solutions through a chamber of surface-attached liposomes of asolectin lipids thus offers a simple method for forming many parallel tubes in ionic or non-ionic solutions.
Membrane-binding assay for annexin V under conditions of physiological ionic strength
We employed electroformation in a flow chamber setup to perform a membrane-binding assay for fluorescentlylabeled annexin V. Testing liposomes with 0%, 10%, and 20% PS, we found that in the absence of salt, annexin V bound strongly to liposomes containing PS (Fig. 8A) , while in the presence of a buffer with physiological ionic strength, annexin V bound weakly to PS (Fig. 8B) . In liposomes containing 0% PS, negligible binding occurred (Fig. 8B  inset) in both the presence and absence of salt. These results show that: (1) membrane-binding assays can be performed on giant liposomes under conditions of physiological ionic strength; and (2) membrane-binding interactions can depend strongly on the ionic strength of the surrounding solution [34] . The flow-through technology presented here might be useful for studying a wide range of binding interactions on giant liposomes that depend on ionic strength.
In addition, the presented technique allows for changing the experimental conditions of assays with giant liposomes by sequentially introducing different solutions into the chamber. In a single experiment, we were able to exchange solutions several times in surface-attached liposomes. Multiple replacements of solutions may prove useful for examining membrane-binding events in a range of ionic solutions. Also, in contrast to traditional microinjection techniques involving giant liposomes in which a new solution is injected into a single liposome [27, 42] , the work presented here allows for the introduction of solutions into many surface-attached liposomes in parallel.
Although surface-attached liposomes do not permanently entrap ions and small polar molecules, our experiments with dextran-4000 and avidin indicated that large molecules (MW!4 kDa) can be entrapped inside liposomes for 24 h without significant loss. By growing liposomes in a solution containing large macromolecules (e.g. enzymes), it may be possible to perform bioreactions of entrapped macromolecules in parallel by flowing solutions containing small, reactive species (e.g. substrates) into the chamber.
Performing electroformation in a flow chamber allows for a range of new experimental possibilities, most notably a general method for forming giant liposomes in physiological conditions, which may bring giant liposomes one step closer to models of living cells.
